The heart catabolizes a mix of fatty acids (FAs), glucose, lactate and ketone bodies to meet its high energy demand. 1 The relative contribution of each as a fuel source is determined by substrate availability (fed and fasted state), workload, oxygen supply and various pathologies. 2 The healthy adult heart derives the majority (~70%) of its ATP from the β-oxidation of FAs, with a shift to glucose oxidation after feeding. 3 Carbohydrate and FA catabolism in the heart are thus reciprocally controlled and this inverse relationship is termed the Randle cycle. 4 The pyruvate dehydrogenase
(PDH) complex links glycolysis with the tricarboxylic acid (TCA) cycle and high levels of acetyl-CoA derived from FA oxidation inhibit this multi-enzyme complex both allosterically and via the activation of PDH kinases, which reversibly phosphorylate and inhibit PDH. PDH is dephosphorylated by PDH phosphatases, which are activated by calcium, by magnesium and by insulin signalling. This dephosphorylation and activation of PDH is impaired in in the diabetic heart. 5 In the diabetic heart impaired insulin signalling furthermore leads to inhibition of PDH activity through upregulation of PDH kinases. 6 Inactivation of PDH with continued flux through glycolysis controls the switch between aerobic and anaerobic glucose metabolism, which occurs, for example, in cardiac ischemia. 7 Investigating cardiac metabolism in vivo is now possible via a number of evolving techniques. 8 Dissolution dynamic nuclear polarization (DNP) can achieve hyperpolarization of 13 C-labelled substrates, which after injection into a living system allows real time assessment of downstream metabolic fluxes by MRS or MRI. 9 13 C MRS of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate permits measurements of PDH flux via incorporation of the 13 C label into bicarbonate. Recently, sterile hyperpolarizer systems have allowed the first in vivo studies of PDH flux in the resting human heart. 10, 11 In preclinical models, hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate MRS has been performed in isolated perfused hearts 12 and in vivo in mice, 13 rats 14 and pigs. 15 In rat hearts in vivo hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate demonstrates the magnitude of the shift in PDH flux from the fed to fasted state following an overnight fast, reducing the 13 C-labelled bicarbonate signal by 74%. 14 A similar shift in PDH flux using this technique was shown in mice. 13 PDH flux measurements using hyperpolarized [1- 13 C] pyruvate MRS have subsequently been show to correlate with ex vivo enzymatic activity measurements of PDH. 16 In fasted rats, infusion of glucose, insulin and potassium (GIK) showed increased flux through PDH, which demonstrates that GIK infusions can improve glucose oxidation in the heart. 17 Increased PDH flux due to GIK infusion could also be shown in healthy pigs. 18 Furthermore, a study in pig hearts showed increased PDH flux due to angiotensin-II-induced increased cardiac afterload. C] pyruvate to detect metabolic changes in the heart driven by changes in hormone levels and substrate availability in both physiological states and disease.
Preclinical studies assessing PDH flux using hyperpolarized cardiac MRS are generally performed in overnight fed rodents, 14, 20, 21 whilst clinical studies to date have been undertaken following an oral glucose load after either normal eating 10 or an overnight fast. 11 However, which approach actually yields more robust, reproducible measurements is unknown. Therefore, in healthy rats, we aimed to compare the variance of PDH flux in overnight fed rats with that in rats receiving a standardized intravenous glucose injection following an overnight fast. Furthermore we wanted to assess whether metabolic standardization through glucose injection could affect the established pathophysiological blunting of PDH flux previously observed in the Type II diabetic heart.
| EXPERIMENT

| Animal handling
All animal experiments conformed to the Animals (Scientific Procedures) Act, 1986, and were approved by a local ethics committee. The rats were housed in a 12:12 hour light/dark cycle in animal facilities at the University of Oxford. A model of Type II diabetes mellitus (T2DM) characterized by hyperglycaemia, hyperinsulinemia and hyperlipidaemia 23 was induced based on a previously published protocol. 24 Briefly, 24
age-matched female Wistar rats (11 weeks of age at start of study) were divided into two groups: a control group receiving normal chow (12% calories from fat, 22% from protein and 66% from carbohydrates) and aT2DM group receiving a high fat diet for nine weeks (60% calories from fat, 35% from protein, 5% from carbohydrate). Two weeks after initiation of high fat feeding, rats in theT2DM cohort were injected intraperitoneally with a low dose (25 mg/kg) of freshly prepared streptozotocin (STZ) in citrate buffer (pH 4). Overnight fasting blood glucose was assessed by tail vein pricking under mild isoflurane anaesthesia (3 min at 2%) with an Accu-Chek glucometer (Roche, Welwyn Garden City, UK) two weeks later in both cohorts. If blood glucose did not exceed 8 mM in the T2DM cohort, a second 25 mg/kg STZ injection was performed in Week 5. In Week 8, an intravenous glucose tolerance test (IVGTT) 25 was performed to verify theT2DM phenotype and to assess insulin resistance. Rats were anaesthetized with 2% isoflurane in medical oxygen and a glucose solution was administered as a bolus (over 5 s) via a tail vein catheter with a dose of 1 g/kg at a concentration of 0.5 mg/mL in sterile water. Blood glucose levels were measured at time 0 (before glucose injection), 2, 5, 10, 15 and 30 min with an Accu-Chek glucometer (saphenous vein-prick), and blood samples for plasma insulin levels were taken at 0, 5, 15 and 30 min (~100 μL per sample into Li-heparin-coated tubes). Insulin levels were then quantified with an ELISA kit (Mercodia, Uppsala, Sweden) spectrophotometrically at 450
nm. The homeostatic model assessment of insulin resistance (HOMA-IR) was calculated with the following equation: pH and temperature. Exactly 1 mL of 80 mM hyperpolarized pyruvate was injected into the tail vein over 10 s.
13
C MR spectra were acquired in a 10 mm axial slice covering the heart, every second for 120 s using a 72 mm dual-tuned birdcage volume transmit 1 H/
C coil and a 40 mm 13 C two-channel surface receive coil (Rapid Biomedical, Rimpar, Germany) with a 15°gauss pulse and 13 kHz bandwidth. Multicoil spectra were recombined using an automatic whitened singular value decomposition method as previously described, 28,29 and 30 s of spectra, from the first appearance of the pyruvate resonance, were summed and quantified with AMARES/jMRUI. 30 Blood glucose was measured before and 5 min after each hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate scan with an Accu-Chek glucometer from a saphenous vein-prick.
| Statistical analysis
Unpaired and paired unequal variance Student t-tests to analyse plasma glucose and insulin levels were performed in GraphPad Prism v6.01
(GraphPad, La Jolla, CA, USA) and significance was considered at p ≤ 0.05. Other statistical tests for the hyperpolarized MRS data were performed in R. Differences in means were assessed via a linear mixed effects model that represents a generalization of repeated measures ANOVA that is better placed to function in the presence of missing observations. The lme4 package was used in R with metabolic state and disease state considered as fixed effects, the subject ID considered as a random effect and the models fitted through maximum likelihood. 31 Effect comparisons were made through a likelihood ratio test with lmerTest, and additionally the Akaike information criterion compared with models lacking the term of interest. 32 Differences in variance were assessed via the non-parametric Fligner-Killeen test. 33 Where applicable, Bonferroni's correction was used for multiple comparisons.
| RESULTS
The T2DM rats showed increased fasting blood glucose levels and impaired glucose tolerance at all time points measured (2, 5, 10, 15 and 30 min after a 1 g/kg intravenous glucose injection) compared with their age-matched controls ( Figure 2A ). The total plasma glucose area under the curve FIGURE 2 Diabetic model characterization. IVGTT in control (n = 12) and type II diabetic (T2DM, n = 9) rats. A, Blood glucose before (time 0) and at indicated times after an intravenous glucose bolus (1 g/kg) . B, Total AUC of plasma glucose of the IVGTT in A. C, Plasma insulin levels measured before (time 0) and at indicated times after an intravenous glucose bolus (1 g/kg). D, HOMA-IR in control (n = 4) and T2DM (n = 6) rats. Data are expressed as mean ± standard deviation. *p < 0.05, ****p < 0.0001 FIGURE 1 Study design. Female Wistar rats were maintained on either normal chow or a high fat diet for nine weeks. T2DM was induced by STZ injection and the diabetic phenotype characterized by fasting blood glucose levels at the start of Week 5 and an IVGTT at the start of Week 8. In Week 9 all rats underwent two hyperpolarized [1-13 C] pyruvate scans: one in the fed state and one after a rest day 30 min after an intravenous 1 g/kg glucose bolus following an overnight fast (AUC) was significantly higher in T2DM rats (727 ± 34) than in control rats (560 ± 12). However, T2DM rats showed no significant difference in plasma insulin levels in response to an intravenous glucose challenge at all time points measured (0, 5, 15 and 30 min) ( Figure 2B ). Fasting plasma glucose and insulin levels were very variable in the T2DM group, which resulted in a highly variable HOMA-IR score ( Figure 2C ), reflecting different degrees of insulin resistance in the nine T2DM rats. The HOMA-IR score was significantly higher in the T2DM rats compared with the control rats (p = 0.026), with the HOMA-IR score being less than 2 for all animals in the control group and more than 2 for all animals in the T2DM group.
We compared the in vivo cardiac metabolism of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate in the T2DM model with control animals both in the fed state and 30 min after an intravenous glucose challenge delivered to a fasted animal (fasted/glucose loaded). Representative summed 13 C spectra from a fed and fasted/glucose-loaded control and a fed and fasted/glucose-loaded T2DM rat heart are shown in Figure 3A ,B, respectively. From summed spectra, ratios were taken of the peaks corresponding to bicarbonate, lactate and alanine to the pyruvate peak to normalize for any variation in polarization level between experiments ( Figure 3C-E) .
In healthy control rats the bicarbonate to pyruvate ratio was 0.09 ± 0.01 in the fed state and 0.07 ± 0.01 in the fasted/glucose-loaded state ( Figure 3C ). The lactate to pyruvate ratio was 0.13 ± 0.02 in the fed state and 0.11 ± 0.02 in the fasted/glucose-loaded state ( Figure 3D ).
Finally, the alanine to pyruvate ratio was 0.027 ± 0.008 in the fed state and 0.012 ± 0.004 in the fasted/glucose-loaded state ( Figure 3E ).
In the T2DM rats, the bicarbonate to pyruvate ratio was 0.032 ± 0.003 in the fed state and 0.021 ± 0.007 in the fasted/glucose-loaded state ( Figure 3C ). The lactate to pyruvate ratio was 0.13 ± 0.01 in the fed state and 0.17 ± 0.02 in the fasted/glucose-loaded state ( Figure 3D ).
Finally, the alanine to pyruvate ratio was 0. We next assessed whether individual variability between rats was the driving factor for the overall variability of the bicarbonate to pyruvate ratio or whether intra-rat differences between fed and fasted/glucose-loaded rats were also a source of variability. We found a significant correlation of moderate strength between fed and fasted/glucose-loaded bicarbonate to pyruvate ratios in matched datasets from the same rats ( Figure 4A ). However, plotting the individual fed versus glucose-loaded values, it is apparent that there was a degree of variation between FIGURE 3 Hyperpolarized [1-
13
C] pyruvate magnetic resonance spectroscopy in the heart. A,B, Carbon-13 MR spectra from a 10 mm slab covering the heart of a representative control (A) and T2DM (B) rat both in the fed state and 30 min after an intravenous glucose bolus (1 g/kg) following an overnight fast. C-E, Bicarbonate to pyruvate ratio (ctrl fed n = 12, ctrl glc n = 11, T2DM fed n = 9, T2DM glc n = 7) (C), lactate to pyruvate ratio (ctrl fed n = 12, ctrl glc n = 10, T2DM fed n = 9, T2DM glc n = 7) (D) and alanine to pyruvate ratio (ctrl fed n = 11, ctrl glc n = 8, T2DM fed n = 12, T2DM glc n = 7) (E) of the sum of the first 30 s of spectra from the first appearance of the pyruvate peak in fed and fasted/ glucose-loaded (glc) control (Ctrl) and T2DM rats. Data are expressed as mean ± standard deviation. **p < 0.01, ***p < 0.001 different rats, with some rats showing greater bicarbonate to pyruvate ratios after a glucose load and some rats showing the exact opposite ( Figure 4B ). These changes in bicarbonate to pyruvate ratio between metabolic states (fed and fasted/glucose loaded) were irrespective of the individual rat's insulin sensitivity ( Figure 4C ). To determine whether the variability in the bicarbonate to pyruvate ratio was due to differences in pyruvate polarization or pyruvate levels in the ventricles, we correlated absolute pyruvate signal in summed spectra from 30 s of data starting from the first appearance of pyruvate to the bicarbonate to pyruvate ratio, and found no correlation between the two measurements ( Figure 4D ).
Normalizing the bicarbonate signal to the metabolic product [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] lactate showed a similar spread of data as the bicarbonate to pyruvate ratio ( Figure 5A ). In the healthy control rats, the mean bicarbonate to lactate ratio was 0.9 ± 0.2 in the fed state and 0.8 ± 0.1 in the fasted/ glucose-loaded state. In the T2DM rats, the bicarbonate to lactate ratio was higher in the fed state (0.29 ± 0.05) than in the fasted/glucose-loaded state (0.13 ± 0.04), and this difference was statistically significant (p = 0.03). The variance between fed and fasted/glucose-loaded rats was not different for either control (p = 0.73) or T2DM rats (p = 0.94). The bicarbonate to lactate ratios in fed rats and after fasting/glucose loading were correlated, but this was less significant than the bicarbonate to pyruvate ratio in both metabolic states ( Figure 5B ).
We finally wanted to assess whether glucose loading after an overnight fast affected the pathologically decreased PDH activity in T2DM hearts, as assessed here through the bicarbonate to pyruvate ratio. Compared with controls, T2DM rats had significantly decreased myocardial bicarbonate labelling from hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate both in the fed state (p = 0.0005) and in the fasted/glucose-loaded state (p = 0.0049) ( Figure 3C ). As for the bicarbonate to pyruvate ratio, the bicarbonate to lactate ratio was also significantly different between control and T2DM fed (p = 0.021) and control and T2DM fasted/glucose-loaded rats (p = 0.0016). Neither the lactate to pyruvate nor the alanine to pyruvate ratios were different between the control and T2DM groups in either metabolic state ( Figure 3D,E) . Interestingly, when diabetic rats were injected with hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate in the fed state, their blood glucose levels increased from 10 ± 1 mM to 12 ± 3 mM (Figure 6 ), and this was statistically significant (p = 0.031). Conversely, blood glucose levels in control rats remained at similar levels (8.6 ± 0.6 mM before and 9.0 ± 0.9 mM after pyruvate injection, p = 0.16).
| DISCUSSION
Lactate labelling from hyperpolarized [1- 13 C] pyruvate in tumour models has previously been shown to be dependent on the level and activity of the lactate dehydrogenase enzyme, total lactate pool size and cofactor (NADH) levels. 34, 35 Similarly, levels of active PDH enzyme have been shown to correlate with PDH flux measurements using hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]pyruvate, 16,36 demonstrating the validity of such imaging to determine enzyme flux in vivo. In this study we wanted to determine whether glucose loading after an overnight fast could reduce the observed
FIGURE 4
Variability of the myocardial bicarbonate to pyruvate ratio following hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate injection. A, Correlation of bicarbonate to pyruvate ratio in the fed and in the fasted/glucose-loaded (glc) state. B, Aligned plot indicating each individual rat's bicarbonate to pyruvate ratio progression from the fed to the fasted/glucose-loaded state. C, Correlation of change (Δ) in bicarbonate to pyruvate ratio in fasted/glucose-loaded rats compared with the ratio in fed rats and the HOMA-IR score. D, Correlation of absolute pyruvate signal and bicarbonate to pyruvate ratio of the sum of the first 30 s of spectra. Black circles and triangles indicate control fed and fasted/glucose-loaded rats, respectively, and magenta circles and triangles indicate T2DM fed and fasted/glucose-loaded rats, respectively FIGURE 5 Variability of the myocardial bicarbonate to lactate ratio following hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate injection. A, Bicarbonate to lactate ratio of the sum of the first 30 s of spectra from appearance of the pyruvate peak in fed and fasted/glucose-loaded (glc) control (Ctrl) and T2DM rats (ctrl fed n = 12, ctrl glc n = 11, T2DM fed n = 9, T2DM glc n = 7). Data are expressed as mean ± standard deviation. B, Correlation of bicarbonate to lactate ratio in the fed and fasted/glucose-loaded states. Black circles indicate control rats and magenta circles indicateT2DM rats. *p < 0.05, **p < 0.01 variability in the myocardial bicarbonate to pyruvate ratio from hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate, which we used as a marker of PDH flux. Glucose infusion had little effect on the inter-rat variability observed in the myocardial bicarbonate to pyruvate ratio (Figure 4) . To exclude the possibility that different pyruvate polarization levels or differences in perfusion or ventricular size leading to different pyruvate levels were responsible for the variability, we correlated the absolute pyruvate levels and bicarbonate to pyruvate ratios in 30 s summed data from the first appearance of the pyruvate peak. We found no correlation between absolute pyruvate signal and the bicarbonate to pyruvate ratio, indicating that bicarbonate to pyruvate ratio variability is independent of polarization level and pyruvate delivery.
Normalizing the bicarbonate signal to lactate instead of pyruvate yielded similar results, further suggesting that variations in injected pyruvate concentration and polarization are unlikely to be a major contributing factor to variability. However, in T2DM rats the bicarbonate to lactate ratio was significantly lower (p = 0.03) in the fasted/glucose-loaded state than in the fed state. As the lactate to pyruvate ratio in these fasted/ glucose-loaded T2DM rats appeared higher than in the fed state, albeit not significantly so ( Figure 3D ), the differences in the bicarbonate to lactate ratio may be predominantly driven by an increase in lactate labelling. Inter-individual (i.e. biological) variation probably plays some part in the variability, although the correlation seen between glucose-loaded and fed ratios within individuals was not supportive of this being the sole factor responsible for the observed variability ( Figure 4A,B) . The variation between metabolic states (fed compared with fasted/glucose-loaded) was not dependent on insulin sensitivity ( Figure 4C ) and therefore must be due to blood-glucose-independent mechanisms. For example, levels of circulating FAs may modulate PDH flux. 4 Isoflurane anaesthesia, as used in this study, has also been shown to attenuate mitochondrial oxidative phosphorylation and glycolytic flux, 37, 38 which modulates cardiac PDH flux detectable by hyperpolarized [1-13 C] pyruvate MRS. 39 We used a constant supply of 2% isoflurane in medical oxygen throughout all our experiments, although there may be variable sensitivity to the anaesthetic gas in our cohort, especially if the rats have different amounts of fat deposits.
The second question we wanted to answer in this study was whether standardized glucose injections would mask the blunted PDH flux previously observed inT2DM rats. We found that fasting/glucose loading did not change the low bicarbonate to pyruvate ratio observed inT2DM rat hearts and that this ratio was significantly lower than in control rats regardless of metabolic state. As an interesting side note we found that hyperpolarized [1-
pyruvate injection into fed T2DM rats led to a significantly increased blood glucose concentration after around 5 min. This could be due to increased gluconeogenesis in the liver with pyruvate acting as a gluconeogenic precursor and subsequent export of glucose into the blood stream. 40 It is also interesting to note that, while glucose concentrations showed a greater spread in theT2DM cohort, the myocardial bicarbonate to pyruvate ratio in these animals was tighter as compared with the control rats, suggesting that maximum achievable PDH flux in the heart is independent of blood glucose levels.
Overall our work suggests that preclinical cardiac hyperpolarized magnetic resonance studies could be performed either in the fed state or after a standardized glucose infusion following and overnight fast. Since PDH flux depends on the physiological state, the availability of substrates and the degree of insulin sensitivity, which may vary in patients with disease, clinical measurements of PDH flux with hyperpolarized [1-13 C] pyruvate are expected to be highly variable. Metabolic standardization for hyperpolarized studies in man is currently attempted with an oral glucose load after an overnight fast. 10, 11 Moving from the fasted to the fed state after a fixed glucose load is thought to maximize physiological PDH flux from a standardized (fasted) minimum baseline, thus minimizing variability, although we did not find evidence for this in rats in this study. Centres planning to start new clinical trials with cardiac hyperpolarized magnetic resonance in man may therefore find it beneficial to run small proof-ofconcept trials to determine whether metabolic standardizations by oral or intravenous glucose load are truly beneficial compared with scanning patients, both with and without diabetes, in the fed state.
| Limitations
The main limitation of our study is the use of intravenous glucose loading instead of oral glucose loading as performed in clinical DNP studies.
10,11
Intravenous glucose loading increases blood glucose levels faster and bypasses the incretin response from the GI tract, which modulates insulin C] pyruvate in the fed state. Data are expressed as mean ± standard deviation. **p < 0.01, ***p < 0.001 secretion. 41, 42 In patients with diabetes, the incretin response from the GI tract is lower, 43 which could potentially lead to different effects on hyperpolarized [1-13 C] pyruvate metabolism in the heart. While oral glucose loading is desirable in rats, it may be impractical due to animal welfare concerns, especially in longitudinal studies.
| CONCLUSION
In conclusion, we found that making hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C] pyruvate measurements of bicarbonate to pyruvate ratio in either control or T2DM rats in both the fed and fasted/glucose-loaded states leads to substantial variability in the data with no significant differences between protocols.
This variability does not, however, impact on the detection of the diabetic phenotype. While variability did not change between the two different preparations (fed or fasted/glucose loaded), the group means for bicarbonate to pyruvate ratio were slightly altered (albeit not statistically significant), which further strengthens the argument that clear study protocols have to be followed in order to minimize variability and maximize effect sizes between control and disease groups. 
